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Abstract. We describe progress in the development of a multiple quan-
tum well modulating retroreflector, including a description of recent dem-
onstrations of an infrared data link between a small rotary-wing un-
manned airborne vehicle and a ground-based laser interrogator using
the device designed and fabricated at the Naval Research Laboratory
(NRL). Modulating retroreflector systems couple an optical retroreflector,
such as a corner cube, and an electro-optic shutter to allow two-way
optical communications using a laser, telescope, and pointer-tracker on
only one platform. The NRL modulating retroreflector uses a
semiconductor-based multiple quantum well shutter capable of modula-
tion rates greater than 10 Mbps, depending on link characteristics. The
technology enables the use of near-infrared frequencies, which is well
known to provide covert communications immune to frequency allocation
problems. This specific device has the added advantage of being com-
pact, lightweight, covert, and requires very low paper. Up to an order of
magnitude in onboard power can be saved using a small array of these
devices instead of the radio frequency equivalent. In the described dem-
onstration, a Mbps optical link to an unmanned aerial vehicle in flight at a
range of 100 to 200 feet is shown. Near real-time compressed video was
also demonstrated at the Mbps level and is described. © 2001 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1383783]

Subject terms: modulating retroreflector; retromodulators; multiple quantum well
modulator; retroreflector communications; multiple quantum well retroreflector.
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1 Introduction

Free-space optical communications have emerged in re
years as an attractive alternative to the conventional ra
frequency~RF! approach. This evolution has been due
increasing maturity of lasers and compact optical syste
that enable exploitation of the inherent advantages of
much shorter wavelengths characteristic of optical a
near-infrared carriers. These advantages include: la
bandwidth, low probability of intercept, immunity from in
terference or jamming, frequency allocation relief, and
many cases, smaller, lighter payloads. For a conventio
optical link, a good to high quality telescope, which pr
vides relatively accurate pointing and tracking capability
well as a robust laser with sufficient power, temperat
stabilization, and requisite electronics, are needed in a
tion to the usual modulating and demodulation codes, c
trol and acquisition instrumentation, and software. Th
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are many applications, however, where reducing the p
sitic payload requirements for the onboard communicati
system would be advantageous.

By coupling a simple modulator with an optical retror
flector and providing the data-gathering instrumentat
signals to the driver, an elegantly simple, low power a
compact communications transceiver can be configu
Essentially, the retroreflector with related electronics wit
small power supply is all that is mounted on the da
gathering platform to demonstrate a key part of the co
munications link. A remotely located transmitter/receiv
system consisting of a laser, telescope, and detector of
ficient power, gain, and sensitivity would provide th
means to interrogate the platform-mounted modulating
roreflector. By virtue of the inherent nature of the retror
flector, the incident light is reflected to the colocated
ceiver, but carries the modulated signal imposed by
shutter. When the device is configured into an array, po
ing requirements are also substantially relaxed. The fie
of-view ~FOV! of a typical mounted device is of the orde
of 20 deg. However, the FOV can be expanded arbitra
using an array of devices to accommodate the pointing
acquisition requirements of the interrogator. The mass
creases to some extent, but a five-element device wit
FOV of 60 deg can be configured at less than 100 g.
gimbaled telescope or laser is flown. Figure 1 illustrates
.00 © 2001 Society of Photo-Optical Instrumentation Engineers



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
JUL 2001 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2001 to 00-00-2001  

4. TITLE AND SUBTITLE 
Large-aperture multiple quantum well modulating retroreflector for
free-space optical data transfer on unmanned aerial vehicles 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Research Laboratory,4555 Overlook Avenue, 
SW,Washington,DC,20375 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
The original document contains color images. 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

18. NUMBER
OF PAGES 

9 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



en
s-

ne.
ing
g

in t
-
ble

ion
n,
ser

are
ely,
-
of
us

f in
rch
of
itch

ch-
.
le
ogy
lid

ors
on

wn

the
u-

As

a
rp-
on-

ges,
e.

tion
nce

wn
he
ge
d in
n

lls
an

yer,
ive
m,
As/
en
and
tor
en-

es
of

de-
pos-
de-

ate,
and
s a
ter

ly
rm.
as
o-
ap-

Gilbreath et al.: Large-aperture multiple quantum well . . .
concept. The idea was successfully demonstrated by Sw
son et al., using a balloon in flight with a ferro liquid cry
tal ~FLC! shutter in 1996.1

The concept of a modulating retroreflector is an old o
It has been configured in a reflection mode with a vibrat
mirror to stabilize laser output;2,3 it has been explored usin
the Stark effect in ammonia for modulation at 10.8mm;4

the concept has even been adapted to the RF doma
measure transmission loss.5 However, until recently, modu
lators have not been available that could support a via
link over long ranges~kilometers or more!. The shutter
must have a high switching speed, low power consumpt
large area, wide FOV, and high optical quality. In additio
it must be functional at wavelengths where good la
sources are available, be radiation tolerant~for space appli-
cations!, and rugged. Mechanical shutters, for example,
too slow and heavy, and FLC devices are, unfortunat
too slow ~kilo bits per second! and are not robust by com
parison. To extend modulating retrolinks to data rates
megabits per second and higher, and to payloads that m
operate over large temperature swings characteristic o
stallation out-of-doors and in space, the Naval Resea
Laboratory~NRL! has pursued the use of a different type
electro-optic shutter: a semiconductor-based optical sw
based on GaAs multiple quantum wells~MQW!.6–8

2 MQW Modulators

Semiconductor MQW modulators are one of the few te
nologies that meet all the requirements described above9–11

MQW technology is the basis for commercially availab
laser diodes. When used as a shutter, MQW technol
offers many advantages. It is robust and in an all-so
state. In addition, it operates at low voltages~less than 20
V! and low power~less than 1 W!. Most importantly, it is
capable of very high switching speeds. MQW modulat
have been run at data rates in the giga bits per sec
regime in fiber applications.

The MQW modulators used in this program were gro
at NRL by molecular-beam epitaxy~MBE!. The details of
the growth and some optimizations used to improve
material quality are discussed in Ref. 12. Briefly, the mod
lators consist of about 100 very thin~;10 nm! layers of
several semiconductor materials, such as GaAs, AlGa
and InGaAs, epitaxially deposited on a large~3-in-diam!

Fig. 1 A modulating retroreflector using a transmissive device is
illustrated, where (1) is the interrogation beam; (2) is the retrore-
flected beam; (3) is the drive signal from the data source; (4) is the
modulator; and (5) is a retroreflector.
-

o

,

t
-

d
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semiconductor wafer. Electrically, they take the form of
PIN diode. Optically, the thin layers induce a sharp abso
tion feature at a wavelength that is determined by the c
stituent materials and the exact structure that is grown.

When a moderate voltage~10 to 15 V! is placed across
the shutter in reverse bias, the absorption feature chan
shifting to longer wavelengths and dropping in magnitud
Thus, the transmission of the device near this absorp
feature changes dramatically. Figure 2 shows absorba
data for an InGaAs MQW modulator designed and gro
at NRL for use in a modulating retroreflector system. T
figure illustrates how the application of a moderate volta
shifts the transmittance. Hence, a signal can be encode
an on-off-keying format onto the carrier interrogatio
beam.

This modulator consists of 75 periods of InGaAs we
surrounded by AlGaAs barriers. The device is grown on
n-type GaAs wafer and is capped by a p-type contact la
thus forming a PIN diode. This device is a transmiss
modulator designed to work at a wavelength of 980 n
compatible with many good laser diode sources. Ga
AlGaAs modulators that work at 850 nm have also be
grown. These materials have very good performance,
operate in reflection architectures. Choice of modula
type and configuration architecture is application dep
dent.

Once grown, the wafer is fabricated into discrete devic
using a multistep photolithography process consisting
etching and metallization steps. The NRL experimental
vices have a 5-mm aperture, though large devices are
sible and masks for 1-cm devices are currently being
signed as well. It is important to point out that while MQW
modulators have been used in many applications to d
modulators of such a large size are very uncommon
require special fabrication techniques. Figure 3 show
block diagram and photo of a wide aperture MQW shut
designed, grown, and fabricated at NRL.

MQW modulators are inherently quiet devices, faithful
reproducing the applied voltage as a modulated wavefo
An important parameter is contrast ratio, defined
I max/I min . This parameter impacts the overall signal-t
noise ratio. Its magnitude depends on the drive voltage

Fig. 2 Absorbance versus wavelength is shown for a 987-nm de-
vice. In its quiescent state, in this case, the MQW shutter blocks the
transmission of incident light. When a moderate voltage is applied,
the absorbance shifts and light is transmitted through to the retrore-
flector.
1349Optical Engineering, Vol. 40 No. 7, July 2001
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Gilbreath et al.: Large-aperture multiple quantum well . . .
plied to the device and the wavelength of the interrogat
laser relative to the exciton peak. The contrast ratio
creases as the voltage goes up until a saturation valu
reached. Typically, the modulators fabricated at NRL ha
had contrast ratios between 1.75:1 to 4:1 for applied v
ages between 12 and 25 V, depending on the structure

There are three important considerations in the manu
ture and fabrication of a given device. The first is inhere
maximum modulation rate versus aperture size; the sec
is electrical power consumption versus aperture size;
the third is yield. The fundamental limit in the switchin
speed of the modulator is the resistance-capacitance l
A key trade then is area of the modulator versus area of
clear aperture. If the modulator area is small, the cap
tance is small, hence the modulation rate can be fas
However, for longer ranges on the order of several hund
meters, larger clear apertures are needed to close the
For a given modulator, the speed of the shutter scales
versely as the square of the modulator diameter.

Second, when the drive voltage waveform is optimiz
the electrical power consumption of a MQW modulati
retroreflector scales as:

Pcons}Dmod
4

•V2B2RS , ~1!

whereDmod is the diameter of the modulator,V is the volt-
age applied to the modulator~fixed by the required optica

Fig. 3 Wide aperture MQW shutter: (a) schematic of a MQW modu-
lator, with the GaAs material grown in alternating layers with active
regions about 1 mm thick; and (b) a fabricated 0.5-cm transmissive
device. The NRL large aperture MQW devices operate between 850
nm and 1.06 mm to date.
1350 Optical Engineering, Vol. 40 No. 7, July 2001
s

-

d

.

.

.
-

contrast ratio!, B is the maximum data rate of the devic
and RS is the sheet resistance of the device. Thus a la
power penalty may be incurred for increasing the diame
of the MQW shutter.

The third issue is yield. MQW devices must be opera
at high reverse bias fields to achieve good contrast ratios
perfect quantum well material, this is not a problem. Ho
ever, the presence of a defect in the semiconductor cry
can cause the device to break down at voltages below th
necessary for operation. Specifically, a defect will cause
electrical short, preventing development of the necess
electrical field across the intrinsic region of the PIN diod
The larger the device, the higher the probability of such
defect. Thus, if a defect occurs in the manufacture o
large monolithic device, the whole shutter is lost.

To address these issues, NRL has designed and fa
cated segmented devices as well as monolithic modulat
That is, a given modulator might be ‘‘pixellated’’ into sev
eral segments, each driven with the same signal. This te
nique means that speed can be achieved as well as la
apertures. The ‘‘pixellization’’ inherently reduces the she
resistance of the device, decreasing the RC time. Furt
more, electrical power consumption is reduced. For
ample, a one centimeter monolithic device might requ
400 mW to support a 1-Mbps link. A similar nine
segmented device would require 45 mW to support
same link with the same overall effective aperture. Fina
yield is increased. That is, if a single pixel is lost due
defects but is one of nine or sixteen, the contrast ratio n
essary to provide the requisite signal-to-noise to clos
link is still high. There are considerations that make fab
cation of a segmented device more complicated, which
clude bond wire management on the device, driving m
tiple segments, and temperature stabilization.
transmissive device with nine pixels, with an overall diam
eter of 0.5 cm, was shown to support over 10 Mbps.
representative trace is shown in Fig. 4.

An additional important characteristic of the modulat

Fig. 4 Amplitude versus time for a nine-pixel modulator is shown.
The trace shows that modulation rates on the order of 10 Mbps can
be supported easily with the device.
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Gilbreath et al.: Large-aperture multiple quantum well . . .
is its optical wavefront quality. If the modulator abberat
the beam, the returned optical signal will be attenuated,
insufficient light may be present to close the link. In Fig.
an infrared interferometric measurement of a 1-cm piece
the InGaAs modulator is shown. As can be seen, the op
quality of the device is very good and should not delete
ously impact system performance.

3 System Considerations

In practice, except for close ranges, for a modulating re
system the link rather than the modulator limits perfo
mance. For a conventional corner-cube modulating retro
flector, MQW technology should allow data rates in t
tens of mega-bits per second, depending on range and
interrogator system.

For a diffraction-limited system, the optical power, re
roreflected from the small platform back to the large pl
form, scales as:

Pret}
Plaser•D retro

4
•D rec

2
•Tatm

2

udiv
2
•R4

, ~2!

where Plaser is the power of the laser transmitter on th
large platform,D retro is the diameter of the modulating re
roreflector on the small platform,D rec is the diameter of the
receive telescope on the large platform,Tatm is the loss due
to transmission through the atmosphere,udiv is its diver-
gence of the transmit beam, andR is the range between th
two platforms.

The strongest dependencies are on the range and
retroreflector diameter, both of which scale as fourth po
ers. Retroreflector links fall off more strongly with rang
than conventional links because of their bidirectional n
ture. The strong dependence on retroreflector diameter
curs because increasing the size of the retroreflector

Fig. 5 An interferogram of an InGaAs transmissive MQW modulator
is shown. The ripples around the square are edge effects around the
sample. It can be seen that the surface is relatively good and should
not deleteriously impact system performance.
l

-

e

e

-
h

increases the optical power intercepted and decreases
divergence of the returned optical beam. The link is ve
clearly a compromise between a large retroreflector ap
ture to maximize the returned optical power and a sm
modulator to maintain data rate while keeping the co
sumed electrical power low. This trade is mitigated to so
extent by using the segmented devices discussed be
When all the segments are driven in parallel, the pow
consumption may be comparable to a monolithic devi
but the modulation rate of the smaller device will be e
ploited while enabling the larger aperture.

Channel losses are an additional consideration, part
larly for terrestrial applications. Propagation through t
atmosphere can induce losses due to absorption and
tering. In addition, the use of a near-infrared link mea
that it will not operate under all weather conditions. How

Fig. 6 Imaging data obtained over a town in northern California is
shown. Transmission through smoke and haze is evident at 1.55 mm
but blocked in the visible. Data was obtained using the JPL AVIRIS
hyperspectral camera (Ref. 7).
1351Optical Engineering, Vol. 40 No. 7, July 2001
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Gilbreath et al.: Large-aperture multiple quantum well . . .
ever, operability of the 1-mm regime is greater than in th
visible. Figure 6 compares visibility through smoke a
haze at the visible wavelength of 450 nm to visibility
1.06mm. These images are of a fire over a town in north
California taken by the Jet Propulsion Laboratory~JPL!
Airborne Visual Infrared Imaging Spectromet
~AVIRIS!,13,14which records data in 224-wavelength ban
with both the resolution and center-to-center band spac
of about 10 nm. It is clear from these photos that operat
in the near-infrared extends the range of viable opera
for an application such as remotely observed video. Pro
gation through the atmosphere at different wavelength
compared in Fig. 7. In this figure, propagation on a cle
day is compared with propagation on a hazy day. T
traces include absorption, Rayleigh scattering, and aer
scattering losses for a retroreflected link through the
atmospheric channel.

The device is uniquely suited for applications whe
platform asymmetry is tolerated or preferred, and wher
compact, low power payload is required. Serving as
communications payload on an unmanned aerial veh
~UAV !, which can be remotely interrogator on the grou
or in the air, is an ideal candidate concept. Video or ot
forms of data can be obtained onboard the UAV, the sig
translated to drive voltages required by the modulator,
interrogated by a remotely located laser transmitter/rece
system. The onboard system would then activate the mo
lator, and the retroreflector signal would be returned to
interrogated with the modulation from the video or oth
data type impressed on the carrier beam. When the mo
lator is configured into an array, the pointing requireme
are considerably relaxed and the onboard FOV increase
accommodate the incoming beam with relaxed steering
quirements. By eliminating the need for a gimbaled te
scope, optical antenna, and heavy power supply, the c
munications package now enables use of very sm
platforms or opens up the payload geography for other d
acquisition payloads. Figure 8 illustrates how the dev
might be incorporated into airborne reconnaissance in
way.

4 NRL Field Tests

Successful implementation of a modulating retroreflec
link requires the integration of the device onto a platfor
as well as the ability to close a link while in flight. As a fir
step in developing an operational modulating retroreflec
communications link, NRL conducted two field tests
date with follow-up tests planned. The aim of these te
was to demonstrate a short-range link to a platform t
carried no active pointing system and indeed had relativ
low platform stability. The tests were conducted in the f
of 1999 and in the winter of 2000 at the NRL Chesapea
Bay Detachment~CBD! facility in Maryland.

A 0.5-cm-diam InGaAs transmissive MQW modulatin
retroreflector was mounted on a small rotary-wing u
manned airborne vehicle.15 The modulating retroreflecto
was placed on the tail of the UAV pointing down. Als
mounted on the UAV were a camera, microprocess
frame grabber, and electrical drive circuitry for the mod
lator. The microprocessor could be programmed to sen
pseudorandom bit stream at different bit rates ranging fr
400 Kbps to 2 Mbps to the modulating retroreflector. T
1352 Optical Engineering, Vol. 40 No. 7, July 2001
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UAV was flown at an altitude of about 35 m and a range
35 to 65 m from the transmit/receive laser. The conditio
for the test were somewhat adverse with a light rain, f
and low visibility. The second test was conducted w
snow cover and in icy outdoor conditions. Nonetheless,
to the short range and the infrared wavelength of the la
no atmospheric effects were observed. Figure 9 shows
UAV, which is about 1.5 m long.

The modulator used in the field tests was a monolit
75 period InGaAs/AlGaAs MQW with an exciton reso
nance at 981 nm. The modulator was affixed to a mo
centered above a corner-cube retroreflector. Wire bond
the p and n contact layers on the modulator were use
bias the modulator. The modulator/retroreflector assem
shown in Fig. 10 was ringed by infrared light emitting d
odes~LEDs! that were used to provide a beacon for acq
sition and tracking of the UAV. The six-element array w
populated with 880-nm LEDs. Light emitted from this a
ray at a half angle of 15 deg and served as a beacon fo
tracking camera.

In addition to the modulator, the UAV carried video an
driving electronics. The challenge in the design of the p
load electronics was to design a lightweight but flexib
payload that could meet the unique requirements of
demonstration. The location at CBD where the tests w
conducted is located by the ocean. Thus, the payload ha
survive vibration, oil mist, shock, fog mist, and icy cond
tions.

The modulator used in the payload required an appro
mate 15-V swing to achieve a sufficient optical contra
between the on and off states. Electrically, the modula
can be modeled as an approximate 2-nF capacitor in se
with a 5-V resistor. The drive circuitry consisted of a 15-
17-V power source, an Elantec 7202 driver, and a 0.1-mF
bypass capacitor. The Elantec part was chosen for its ab
to drive a capacitive load at 1 to 10 MHz. A field program
mable gate array~FPGA! microprocessor was used to e
code the data. In addition, the FPGA performs frami
functions on the data, generation of the pseudo rand
code for bit error tests, and the required encoding of
video data needed for DC balance. The user can modify
FPGA quickly to change the encoding method, to add er
correction, and to change the frame format. Its flexibil
lent itself well to the NRL test requirements for on-si
modifications of bit streams. An off-the-shelf frame grabb
card collected the video data and prepared it for transp
The card receives an NTSC signal from an onboard cam
and passes the data via the PC/104 bus to the FPGA c

The payload electronics for the modulating retro expe
ment can be divided into two sections. The first consists
the modulator, its drive electronics, and the electronics u
for generating and encoding data. A PC/104 form fac
was chosen for data collection and encoding electron
because of the ample supply of off-the-shelf PC/104 ca
These cards both meet the stringent requirements of
and vibration survivability, as well as enabling the user
make quick changes in the lab and the field. The PC/1
stack consists of an FPGA-based processor card that is
to encode, frame, and send the data to the modulato
frame grabber card that collects video data from a cam
and a X86 class card. The X86 card, which runs Linux,
used to boot the FPGa card, run scripts, and collect



Gilbreath et al.: Large-aperture multiple quantum well . . .
Fig. 7 Transmission curves are shown for a clear day (red) and for a misty day (green). These are
two-way transmission data through the entire atmospheric channel and include losses from absorption
and from Rayleigh and Mie scattering. It can be seen that at 1.06 and 1.55 mm, there is a transmission
‘‘window’’ for viable data links.

Fig. 8 The MQW modulating retroreflector incorporated into an airborne reconnaissance concept
using a UAV is shown. When configured into an array, the MQW modulating retroreflector concept
significantly reduces the parasitic payload requirements for the onboard communications system.
1353Optical Engineering, Vol. 40 No. 7, July 2001
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Gilbreath et al.: Large-aperture multiple quantum well . . .
store video data. The card also provides a communica
link to the outside world via a PPP link connected to t
serial port. This testbed’s design provides flexibility to te
any new configurations before implementation in a sm
and compact package.

To close the optical link, a laser must illuminate th
UAV, and the returned optical signal must be collected a
focused onto a detector. We used a very simple opt
configuration. A 100-mW laser diode operating at 976 n
was fiber coupled to a collimator. The beam was give
relatively broad divergence of 3 mrad to avoid laser saf
issues with low flying aircraft. The outgoing beam pass
through a 7.62-cm-diam 50% beamsplitter. Half the lig
went out and half went into a beam dump. The retro
flected light was reflected by this beamsplitter onto a 2-
diam lens, where it was focused onto a silicon avalan
photodiode. A 10-nm-bandwidth optical filter was used
remove background sunlight. The resulting signal was a
plified by a 3-MHz-bandwidth amplifier and read out on
oscilloscope or fed into the receive electronics for bit er
rate tests or video display.

The optical assembly was mounted on a motorized g
bal to allow for active tracking of the UAV. The vide
tracking system utilized for the modulating retroreflec
demonstration used a video tracker with a computer c
troller. A PC-based laptop served as the controller, wh
communicated with the tracker over an RS 232 line.
pan-and-tilt gimbal was controlled by the same laptop co
puter via the RS 232 serial connection. The transm

Fig. 9 The small UAV used in the NRL field tests is shown. The
payload was attached to the tail and was designed to be lightweight
but flexible to accommodate different experiments.

Fig. 10 The payload is shown. A modulating retroreflector mounted
and ringed by standard LEDs. The LEDs were used for tracking and
acquisition for first tests and are replaced with modulating retros in
subsequent tests.
1354 Optical Engineering, Vol. 40 No. 7, July 2001
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receive optics and tracking and acquisition cameras w
mounted on the gimbal. The tracking camera was a h
sensitivity CCD camera with a narrow FOV, with incide
light filtered by a 830-nm-long pass filter and an 880-n
bandpass filter. The acquisition camera was a wide F
miniature CCD camera and was unfiltered. The tracker c
troller sets the tracking threshold and gate area along w
the line-of-sight offset. This offset is picked to maximiz
return from the modulator. It then commanded the trac
to work in ‘‘auto track’’ mode, which caused the tracker
begin tracking a target as soon as it was acquired with
further command. Once the tracker was set up for the d
onstration, changes through the computer controller w
no longer needed.

The tracking software began in manual mode. The u
moved the gimbal using the computer mouse or joysti
The operator used the acquisition camera to find the U
target. Once the tracker acquired the target, it initiated
totracking by sending a TTL signal to the gimbal controlle
This signal was sent to the computer through an analog
digital data acquisition board, and the tracking loop w
initiated. The tracker provided elevation and azimuth err
as voltages from25 to 15 V. There is a linear correlation
between the tracker signal and the target distance from
line-of-sight tracking point. These voltages were re
through the same data acquisition board and translate
motorized steps to move the gimbal. Elevation and azim
offsets were updated at a 60-Hz rate. If track was lost,
software waited a prescribed time interval and then
turned to the manual acquisition mode. The entire transm
receive assembly is shown in Fig. 11.

In flight, the angle between the laser and the UA
changed rapidly for short ranges~on the order of 35 m!. In
addition, the attitude of the UAV also changed rapidly d
to weather conditions. Despite these challenges, a str
return signal was received as long as the laser beam
directed into the acceptance angle of the retroreflec
which was approximately 20 deg. The beam returned fr
the modulating retroreflector had a divergence of appro

Fig. 11 The transmit/receive assembly used in the NRL MQW field
tests is shown. The laser diode light is coupled into a fiber, which is
connected to the lens system. The transmitted then retroreflected
light is returned using a beamsplitter and the signal is captured by a
standard avalanche photodiode.
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mately 0.5 mrad and was passively directed back to
transmit/receive assembly without any need for acquisit
and pointing on the UAV.

A typical return from the field tests is shown in Fig. 1
In the two tests conducted, the modulation rate receive
flight was 400 and 910 Kbps, consuming approximately
mW. Difficulties with tracking and acquisition algorithm
occurred during the field test, which prevented us from
taining data at the higher bit rates in flight. However,
static preflight tests, the modulator and detector bandw
and the returned signal level were sufficient to suppor
2-Mbps link at bit error rates on the order of 1026. A
system redesign for the gimbaled interrogator is underw
and new tests are scheduled for 2001.

Future tests will demonstrate higher data rates and vi
transmission from the UAV. Several modifications to t
payload and transmit/receiver designs are being mad
effect these goals. First, the payload will be replaced by
array of modulating retroreflectors. A lightweight hold
with a space-qualified heritage was designed and fabric
at NRL, which is 10 g complete. This mass indicates
retro, holder, modulator, cover plate, and wiring leads.
photo of the new mount is shown in Fig. 13. The holde

Fig. 12 A sample of the return from data captured in flight using the
NRL MQW retroreflector is shown. As long as the link was main-
tained through accurate pointing and tracking, signal amplitudes
were high enough to maintain a robust communications link.

Fig. 13 The new mount for upcoming tests is shown. The unit that
houses the retro, MQW shutter, cover plate, leads, and bolts is 10 g.
The unit will be configured with several more into an array to in-
crease the payload FOV and further relax onboard pointing and
tracking requirements.
o

d

will be populated and arranged into a lightweight array th
will replace the ring of LEDs used in the initial tests. Th
modification to the payload will enable self-tracking fro
the UAV and will increase the FOV to 60 deg. The larg
onboard FOV will further relax onboard pointing and trac
ing requirements. It should be noted that tracking and
quisition functions will be consolidated onto a single lapt
in future tests, but were separated initially to develop a
test control algorithms that had to function in parallel
real time.

5 Video Communications and Data Links

The NRL MQW modulating retroreflector has been sho
to support 10 Mbps at a bit error rate~BER! of better than
1026. The device was also demonstrated to support unc
pressed near-real-time black and white video over a 17
link in 1998.4 After the field tests, the driver and receive
electronics were modified to support JPEG compres
video across a modulating retroreflector link in the labo
tory. This was done to demonstrate that a higher qua
video link could be easily supported by a modulating re
link than was previously shown. In this demonstratio
compressed color video was transmitted at 8 frames/s
rate of 1.2 Mbps across the laboratory spanning sev
meters. The 980-nm transmission modulator with retro
flector used in the field tests was used in these bench
as well. The driver electronics were substantially modifie
however, to drive the modulator at the requisite rates. T
receiver software was modified as well.

The compression and decompression were perform
with an off-the-shelf card from Linux Media Labs contain
ing the Zoran 36060 CODEC. Two major modification
were required for the receiver electronics and software.
found it necessary to use ‘‘bit stuffing’’ on the outgoin
video stream to further reduce problems with a runn
stream of ones or zeros. We also found it necessary
modify the driver for the Linux Media Labs compressio
card, such that it would recover from bit errors. Frame
covery rate was ultimately limited by electronics, not by t
device, which in previous tests demonstrated performa
at 12 Mbps.

Key to this effort was the demonstration that com
pressed color video can be transmitted over a modula
retroreflector optical system at megabit per second ra
Eight frames per second is certainly adequate to comm
cate scene intelligence and situational awareness to th
terrogator location.

6 Conclusions

It has been shown that a MQW-based modulating retro
flector can support Mbps data rates and enables a
small platform to passively close an optical data link. T
use of such modulators coupled with a simple optical r
roreflector can allow much higher bandwidth communic
tions for a substantially smaller payload than is typical.
addition, the resulting link is covert, difficult to jam, an
immune from the frequency congestion problems to wh
RF communications are susceptible.

The NRL device has been demonstrated to support o
10 Mbps in a high signal level regime and captured d
rates of 400 and 910 Kbps on a UAV in flight. Data w
transferred over about 35 m in nonideal weather conditio
1355Optical Engineering, Vol. 40 No. 7, July 2001
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Near-real-time color video using JPEG compression w
also demonstrated using the device that transmitted
over several meters at 8 frames/s over a 1.2-Mbps link.
data rate was ultimately limited by electronics, not the d
vice.

Many applications will require much longer range lin
than has been demonstrated. Such links will require n
rower outgoing beam divergence and larger receive t
scopes. The effect of the atmosphere will also play a m
larger role in long distance terrestrial links. Nonethele
link analyses based on this technology show that with m
est power lasers terrestrial links with ranges of tens of
lometers and data rates from 1 to 10 Mbps are possi
Moreover, the modulating retroreflector systems neede
support such a link are only slightly larger than the one
have demonstrated. The system improvements neces
for longer range links are primarily on the interrogator sid
where the very sophisticated systems already develope
conventional free-space optical communication syste
can be adapted.

An optical communications link is always susceptible
could cover and heavy rain or fog. However, many app
cations for this device, such as surveillance, are often d
in clear weather conditions or below the cloud deck.
addition, operation in the near-infrared offers more fun
tional utility through smoke and mist than does transm
sion in the visible.

Use of the device as a relay payload in air-to-UAV lin
may avoid these problems and expand its utility to incre
path diversity for non-RF links. An interesting benefit
this technology is that, unlike conventional optical comm
nications, it is not necessarily point-to-point. One modul
ing retroreflector can be interrogated simultaneously
many lasers, allowing one node to distribute information
many sites. An array of modulating retros can provide
quasibroadcast capability while maintaining a compact,
vert link.

Other applications for the NRL MQW modulating re
roreflector include space-to-space intersatellite links, wh
one satellite could now be a microsatellite or smaller. A
ternately, more of the payload’s topography could be u
for instrumentation rather than communications. Anoth
application is to use the device as a means to identify m
tiple objects in space using a unique frequency tag. O
the object is identified, tracking and acquisition can be f
ther facilitated by the use of the device’s inherent rang
capability in combination with its data transfer functio
Use as a compact low power sensor embedded in an
hostile to humans and then interrogated remotely from
air or space is another possible application. Finally,
device can serve as a probe to study atmospheric effec
retroreflected modulated signals through turbulence and
mosphere. As small platforms proliferate in both scient
1356 Optical Engineering, Vol. 40 No. 7, July 2001
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and military applications, many applications for modulati
retroreflector systems can be envisioned. More informat
on the program can be found at www.mrr.nrl.navy.mil.
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